Excitons bound to flourine atoms in ZnSe have the potential for several quantum optical applications. Examples include optically accessible quantum memories for quantum information processing and lasing without inversion. These applications require the bound-exciton transitions to be coupled to cavities with high cooperativity factors, which results in the experimental observation of low-threshold lasing. We report such lasing from fluorine-doped ZnSe quantum wells in 3 and 6 micron microdisk cavities. Photoluminescence and selective photoluminescence spectroscopy confirm that the lasing is due to bound-exciton transitions.
Quantum interference of the two optical pathways of an optical Λ-system, in which two long-lived ground states are optically coupled to a single excited state, provides a powerful mechanism for a number of useful applications. These applications include lasing without inversion 1 , electromagnetically induced transparency 2 , and optically addressable quantum memory for quantum information processing 3, 4, 5, 6, 7, 8 . The development of scalable technologies based on these effects would be facilitated by solid-state implementations, which are generally more difficult than atomic demonstrations due to optical inhomogeneity and decoherence.
In semiconductors, donor impurities and charged quantum dots both provide promising realizations of such Λ-systems. The long-lived ground states are provided by the bound electron spin in high magnetic field, while the optically excited state is formed by the lowestenergy donor-bound exciton or trion state. For applications involving quantum memory, however, quantum dots have the disadvantage of severe inhomogeneity in optical transition frequencies and electron magnetic moments. Such inhomogeneity may inhibit the ability to incorporate many optically interacting quantum-dot-based Λ-systems into a scalable quantum-information-processing device. In contrast, the potentials provided by donor impurities in a perfect crystal are very homogeneous, as demonstrated by high-quality samples of GaAs 9 and Si 10 . Homogeneous ensembles of donor-bound excitons in bulk GaAs have been demonstrated to exhibit coherent-population trapping 11 , which is one effect exhibiting quantum coherence between the two emission pathways of the optical Λ-system. Donor-bound excitons in ZnSe are of particular interest because ZnSe may be isotopically purified to feature only spin-0 substrate nuclei, avoiding the disadvantage of decoherence limited by the dynamics of nuclear spins in iii-v semiconductor systems 12 . Silicon-based systems also have the potential to overcome nuclear decoherence 13 , but silicon is optically dark due to its indirect bandgap. In a ii-vi system such as ZnSe, the nuclear spins may be entirely removed from the substrate as in the case in silicon, and the donor-bound exciton emission is optically bright as in the case of GaAs. The fluorine donor is of particular interest because it provides a 100% abundant spin-1/2 nucleus, which may be employed for long-lived storage of quantum information.
ZnSe is a wide-bandgap semiconductor which emits light in the blue region (λ ≈ 440 nm),
where lasing is traditionally difficult to obtain. Early studies of lasing in ZnSe for the purpose of blue lasers were limited because the material is too soft to be used in high-current or high-excitation regimes, so that heating effects degenerate the active medium 14, 15 . However, low-threshold lasing is achievable when a high-Q, low-volume optical microcavity introduces a high ratio of stimulated emission to spontaneous emission, known as the β-factor 16 . Such low-threshold lasing is seen in recent developments in microcavity quantum dot lasers 17 .
Further, if the lasing medium is provided by discrete donor-bound exciton transitions rather than the continuum of free-excitons, the coherence provided by the spin-ground states of the donor-spins could allow the possibility of lasing without inversion 1 , further decreasing the input power requirements. Light-hole free-exciton (FX-lh) emission at 2.829 eV is not observed at low temperature.
The lower energy peak seen at 2.804 eV in Fig. 1 is due to the heavy-hole donor-bound exciton (D 0 X-hh) recombination, as confirmed by the expected 6 meV separation and the 3-fold increase in this line provided by the fluorine δ-doped (red curve) versus the undoped sample (black curve).
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The widths of these peaks indicate inhomogeneous broadening, likely due to strain effects.
However, the broadening is still less than typically seen in ensembles of quantum dots, and may be useful for the isolation of individual impurities.
Micro-disks with diameters of 3 µm and 6 µm were defined by photolithography, reactive ion etching, and wet etching of the underlying GaAs substrate. The inset in Fig. 1 by a scanning narrow-band Ti:sapphire ring laser doubled by an LBO crystal in a highfinesse cavity. Fig. 1(b) shows the SPL spectra of a 6 µm micro-disk. By resonant excitation of the FX-hh transition at 2.809 eV (green curve), the TES-hh lines are enhanced relative to above-band excitation. Resonant excitation of the D 0 X-hh peak (red curve) results in the appearance of a new satellite peak at 2.774 eV which we identify as TES-lh transitions.
These observations of TES lines in SPL strongly confirm the expected contribution of Fdonor-bound excitons to the band-edge luminescence, as opposed to emission from quantum dots due to surface fluctuations of the QW. We also repeatedly observe a sharp peak at 2.79 eV when resonantly exciting the D 0 X-hh line. This peak corresponds to a WGM of the microdisk.
The WGM modes are enhanced with high-power pumping. The peaks corresponding to WGMs are not visible in low-power PL using either a continuous wave 405 nm diode laser or the doubled 408 nm output of a mode-locked Ti:sapphire laser. We believe this is because absorption due to lower-energy transitions in the inhomoge-neously broadened distribution damps the cavity-Q. However, at higher excitation powers, these lower-energy transitions become saturated and the cavity modes appear. The observed β factors allow us to estimate the cooperativity factors of the microdisk cavities. In microdisks such as these that are very wide and very thin relative to the emission wavelength, the spontaneous emission rate into all cavity modes including unguided modes sum to very nearly the spontaneous emission rate in the bulk. Therefore, the β factor for one of the WGMs is approximately β = (1 + C)β 0 , where β 0 is the ratio of the emission rate into a vanishing-Q WGM normalized by the bulk emission rate and the cooperativity factor C manifests as the Purcell effect.
We estimate the mode volume β 0 using the approximation presented in Ref. 29 in the large-radius limit. We find that for disks as thin as these, the WGM's are quite wide, allowing about 500 impurities to contribute to the lasing in a 3 µm disk. This model yields β 0 ≈ 0.02, for an expected cooperativity factor of about C = 4, which is consistent with estimates based on a Q of 2500 and the calculated mode volume. Both C and β 0 scale inversely with the disk radius, consistent with the smaller observed β factor of the 6 µm disk. 
